In this letter we propose a mechanism of left-and right-handed neutrino couplings to photons, which arises naturally in non-commutative gauge field theory. We estimate the predicted additional energy-loss in stars induced by space-time non-commutativity. The usual requirement that any new energyloss mechanism in globular cluster stars must not significantly exceed the standard neutrino losses implies a scale of non-commutative gauge theory above the scale of weak interactions.
Neutrinos do not carry a U(1) (electromagnetic) charge and hence do not directly couple to Abelian gauge bosons (photons) -at least not in a commutative setting. In the presence of space-time non-commutativity, it is, however, possible to couple neutral particles to gauge bosons via a star commutator. The relevant covariant derivative is
with star product ⋆ and a coupling constant κe that corresponds to a multiple (or fraction) κ of the positron charge e. The star product is associative but in general not commutative -otherwise the proposed coupling to the non-commutative photon field A µ would of course be zero. In (1) , one may think of the non-commutative neutrino field ψ as having left charge +κe, right charge −κe and total charge zero. From the perspective of nonAbelian gauge theory, one could also say that the neutrino field is charged in a non-commutative analogue of the adjoint representation with matrix multiplication replaced by the star product ⋆. ¿From a geometric point of view the photons do not directly couple to the "bare" commutative neutrino fields, but rather modify the non-commutative background. The neutrinos propagate in that background. Kinematically, a decay of photons into neutrinos is of course only allowed for off-shell photons. That is still true in a constant or sufficiently slowly varying non-commutative background: Such a background does not lead to a violation of four-momentum conservation, although it may break other Lorentz symmetries.
Physically, such a coupling of neutral particles to gauge bosons is possible because the non-commutative background is described by an antisymmetric tensor θ µν that plays the role of an external field in the theory [13, 14] . The star product in (1) is a (nonlocal) bilinear expression in the fields and their derivatives that takes the form of a series in θ µν . To lowest order we obtain:
A similar expansion (Seiberg-Witten map) exists for the non-commutative fields ψ, A µ in terms of θ µν , ordinary 'commutative' fields ψ, A µ and their derivatives. The scale of non-commutativity Λ NC is fixed by choosing dimensionless matrix elements c µν = Λ 2 NC θ µν of order one. Gauge invariance requires that all e's in the action are multiplied by κ. To the order considered in this letter κ can be absorbed in a rescaling of θ, i.e. a rescaling of the definition of Λ NC .
The coupling (1) is part of an effective model of particle physics involving neutrinos and photons on non-commutative space-time. It describes the scattering of particles that enter from an asymptotically commutative region into a non-commutative interaction region. The model satisfies the following requirements [1] - [12] :
(i) Non-commutative effects are described perturbatively. The action is written in terms of assymptotic commutative fields.
(ii) The action is gauge-invariant under U(1)-gauge transformations.
(iii) It is possible to extend the model to a non-commutative electroweak model based on the gauge group U(1) × SU(2). An appropriate noncommutative electroweak model with κ = 1 can in fact be constructed with the same tools that were used for the noncommutative standard model of [11] .
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The action of such an effective model differs from the commutative theory essentially by the presence of star products and Seiberg-Witten maps. The Seiberg-Witten maps [8] are necessary to express the non-commutative fields ψ, A µ that appear in the action and that transform under non-commutative gauge transformations, in terms of their asymptotic commutative counterparts ψ and A µ . The coupling of matter fields to Abelian gauge bosons is a non-commutative analogue of the usual minimal coupling scheme.
The action for a neutral fermion that couples to an Abelian gauge boson in a non-commutative background is:
Here
is the Abelian NC gauge potential expanded by the Seiberg-Witten map.
To first order in θ, the gauge invariant action reads
The above action represents a tree-level interaction of photons and neutrinos. We could also call it "the background field anomalous-contact" interaction. The model is meant to provide an effective description of space-time noncommutativity. We are working at tree level. There are many open questions when one tries to include loops, see e.g. [24] .
We shall now apply our model to the decay of plasmons into neutrino antineutrino pairs induced by a hypothetical stellar non-commutative space-time structure. The resulting neutrinos can escape from the star and thereby lead to an energy-loss. To obtain the "transverse plasmon" decay rate in stars on the scale of non-commutativity, we start with the action determining the γνν interaction. From Eq. (3) we extract, for left or right and possibly massive neutrinos, the following Feynman rule for the gauge invariant
In the case of massless neutrinos the vertex (4) becomes totally symmetric:
In a stellar plasma, the dispersion relation of photons is identical with that of a massive particle [15] - [17] 
with ω pl being the plasma frequency. ¿From the gauge-invariant amplitude M γνν in momentum space for plasmon (off-shell photon) decay to the left and/or right massive neutrinos in the NCQED, we have:
from where phase-space integration then gives:
Here we have used the notation q µ = θ µν q ν . In the above expression we parametrize the c 0i 's by introducing the angles characterizing the background θ µν field of the theory [18] :
c 01 = cos ξ, c 02 = sin ξ cos ζ, c 03 = sin ξ sin ζ, where ξ is the angle between the E θ field and the direction of the incident beam, i.e. the photon axes. The angle ζ defines the origin of the φ axis. The c 0i 's are not independent; in pulling out the overall scale Λ NC we can always impose the constraint
Here we consider three physical cases: ξ = 0, π/4, π/2, which for ζ = π/2 satisfy the imposed constraint. This parametrization provides a good physical interpretation of the NC effects [18] .
In the rest frame of the medium, the decay rate of a "transverse plasmon", of energy E γ for the left-left and/or right-right massless neutrinos and for the constraint E 2 θ = 1, is given by
The Standard Model (SM) photon-neutrino interaction at tree level does not exist. However, the effective photon-neutrino-neutrino vertex Γ µ eff (γνν) is generated through 1-loop diagrams, which are very well known in heavyquark physics as "penguin diagrams." Such effective interactions give a nonzero charge radius as well as a contribution to the "transverse plasmon" decay rate [19] - [22] ; for details and further references see Ref. [21] . Note that the dipole moment operator ∼ em ν G Fψ σ µν ψA µν , also generated by the "neutrino-penguin diagram," gives very small contributions because of the smallness of the neutrino mass, i.e. m ν < 1 eV [23] .
The corresponding SM neutrino-penguin-loop result for the "transverse plasmon" decay rate is [21] :
For ν e we have c v = 1 2 + 2 sin 2 Θ W while for ν µ and ν τ we have c v = − 1 2 + 2 sin 2 Θ W . Comparing the decay rates into all three neutrino families we thus need to include a factor of 3 for the NC result, while c 2 v = 0.79 for the SM result [25] . From the ratio of the rates
we obtain:
A standard argument involving globular cluster stars tells us that any new energy-loss mechanism must not exceed the standard neutrino losses by much; see section 3.1 in Ref. [26] . Put another way, we should approximately require ℜ < 1, translating into
If sterile neutrinos (ν R ) do not exist the scale of non-commutativity is approximately Λ NC > 68 GeV. The advantage of our approach to the anomalous γνν interaction, via non-commutative Abelian gauge field theory, lies in the fact that, contrary to the SM approach, photons are also coupled to the sterile neutrinos in the same, U(1)-gauge-invariant, way as the left-handed ones. The electromagnetic gauge invariance of the γνν amplitude comes automatically, since the starting action is manifestly U(1)-gauge-invariant. The interaction (3) produces extra contributions relative to the SM in the non-commutative background.
The non-commutativity scale depends on the requirement ℜ < 1 and from that aspect the constraint Λ NC > 80 GeV, obtained from the energy loss in the globular stellar clusters, represents a lower bound on the scale of non-commutative gauge field theories. It also depends on the strength of the non-commutative coupling which we have taken to be κ = 1.
Compared to other bounds, see [18] , our limit on Λ NC is relatively low. However, it is based on a completely new interaction channel and a completely different "laboratory" than other constraints and as such appears worth communicating.
We would like to thank L. Stodolsky for stimulating discussions. J.T. would like to thank L. Alvarez-Gaume and A. Armoni for many helpful discussions.
The work of J. 
